Molybdenum and tungsten have similar ionic radii and chemical properties. Tungsten is the heaviest atom and the only third-row transition element that exhibits biological activity in enzymes. Molybdenum is the only second-row transition metal that exhibits biological activity when it is present in a cofactor of a metalloenzyme. Both metals are present mainly in enzymes that catalyze oxygen atom transfer reactions. In these enzymes they are coordinated by the two dithiolene sulfur atoms of a pterin molecule, called a molybdopterin cofactor (25). In the case of tungsten, the metal is always coordinated by two pterin moieties, forming a so called bis-pterin cofactor (9, 13). Molybdenum is an essential trace metal for many forms of life whereas tungsten is found mostly in archaea and in some bacteria. The molybdenum cofactor-containing enzymes can be divided into three families depending on the coordination chemistry of the Mo ligand: the sulfite oxidases; the xanthine oxidoreductases, also including the aldehyde oxidases; and the dimethyl sulfoxide reductases, which are found only in prokaryotes (18, 35). The tungsten cofactor-containing enzymes consist only of the aldehyde oxidoreductases (AORs), formate dehydrogenases (FDHs), and an acetylene hydratase (13). Based on sequence comparison the FDHs and acetylene hydratase are part of the molybdenum-containing dimethyl sulfoxide reductase family.
Molybdenum and tungsten have similar ionic radii and chemical properties. Tungsten is the heaviest atom and the only third-row transition element that exhibits biological activity in enzymes. Molybdenum is the only second-row transition metal that exhibits biological activity when it is present in a cofactor of a metalloenzyme. Both metals are present mainly in enzymes that catalyze oxygen atom transfer reactions. In these enzymes they are coordinated by the two dithiolene sulfur atoms of a pterin molecule, called a molybdopterin cofactor (25) . In the case of tungsten, the metal is always coordinated by two pterin moieties, forming a so called bis-pterin cofactor (9, 13) . Molybdenum is an essential trace metal for many forms of life whereas tungsten is found mostly in archaea and in some bacteria. The molybdenum cofactor-containing enzymes can be divided into three families depending on the coordination chemistry of the Mo ligand: the sulfite oxidases; the xanthine oxidoreductases, also including the aldehyde oxidases; and the dimethyl sulfoxide reductases, which are found only in prokaryotes (18, 35) . The tungsten cofactor-containing enzymes consist only of the aldehyde oxidoreductases (AORs), formate dehydrogenases (FDHs), and an acetylene hydratase (13) . Based on sequence comparison the FDHs and acetylene hydratase are part of the molybdenum-containing dimethyl sulfoxide reductase family.
The transport of molybdate has been well characterized in particular for Escherichia coli, which expresses a high-affinity ABC transporter for molybdate encoded by the modABC genes (27) . The periplasmic molybdate binding protein ModA binds specifically molybdate and tungstate and not sulfate or other anions (27) . Crystal structures of the E. coli and the Azotobacter vinelandii ModA indicate that the specificity for molybdate and tungstate is mostly determined by the size of the binding pocket. The Cambridge Structural Database (2) gives 1.75 Ϯ 0.04 Å and 1.76 Ϯ 0.02 Å for molybdate and tungstate, respectively, and 1.47 Ϯ 0.02 Å for sulfate. The ModA proteins cannot discriminate between molybdate and tungstate. The first tungsten-specific ABC transporter was identified in Eubacterium acidaminophilum (17) . The periplasmic tungsten uptake protein (TupA) was cloned and expressed in E. coli and was shown to bind only tungstate with a high affinity. A crystal structure of TupA is not yet available, and it is not clear what the structural basis is of the specificity for tungstate over molybdate. Recently, a high-affinity vanadate transporter, which was highly selective for vanadate compared to tungstate, was identified in the cyanobacterium Anabaena variabilis ATCC 29413 based on the sequence similarity with the TupA protein from E. acidaminophilum (58% sequence similarity) (24) . A. variabilis ATCC 29413 expresses an alternative V-dependent nitrogenase for the fixation of nitrogen, and therefore it requires vanadate (24) . The specificity of this transporter for vanadate indicates that high sequence similarities are not conclusive for the selectivity of the transporter.
Our goal was to study tungstate transport in an organism that is strictly dependent on tungstate, the hyperthermophilic archaeon Pyrococcus furiosus. This organism grows optimally at 100°C under strict anaerobic conditions (7) . In the last decade five tungsten-containing aldehyde oxidoreductase enzymes were purified and characterized from P. furiosus. AOR (21) , formaldehyde oxidoreductase (31) , and tungsten-containing oxidoreductase 5 (WOR5) (5) all have a broad substrate specificity for aldehydes varying from shorter chains and C 4 to C 6 semialdehydes (FOR) to longer, aromatic, and aliphatic backbones (AOR and WOR5). These broad substrate specificities do not immediately imply a clear physiological function for these proteins; microarray experiments indicate that they might play a role in peptide fermentation or in stress response (34, 38) . In contrast, glyceraldehyde-3-phosphate (GAP) oxidoreductase is known only to convert the substrate GAP (22) . It is the only W-containing aldehyde oxidoreductase with an assigned function, namely, in the Embden-Meyerhof type of glycolysis, where it converts GAP to 3-phosphoglycerate, replacing glyceraldehyde-3-phosphate dehydrogenase and phosphoglycerate kinase. Tungsten oxidoreductase 4 (WOR4) was purified from P. furiosus grown in the presence of elemental sulfur (S 0 ) (30) . No substrate has been identified yet for WOR4. Besides these five tungsten-containing enzymes of the AOR family, the genome of P. furiosus also includes two genes for putative tungsten-or molybdenum-containing FDHs (29) .
Cultivation experiments indicated that P. furiosus has a highly specific tungstate uptake mechanism. When molybdate was added to the growth medium in a 1,000-fold excess, the cells were able to selectively scavenge the traces of tungstate from the medium and use it for the incorporation in the cofactor of the AOR enzymes (23) .
The genome of P. furiosus does not carry a tupA homologue; however, a putative sulfate/thiosulfate/molybdate transporter is present that has 30% sequence similarity with the ModA protein from E. coli (PF0080/PF0081/PF0082) (18% sequence identity). The other components of this putative transporter, WtpB and WtpC, have a high sequence similarity to ModB/ TupB (53% and 50% similarity) and ModC/TupC (51% and 56% similarity), respectively. Besides this putative sulfate/thiosulfate/molybdate transporter, the only ABC transporter encoded in the genome with some similarity (28%) to ModA is annotated as a putative phosphate transporter (PF1003/ PF1006/PF1007/PF1008). However, the sequence identity is much lower, only 11%.
Since no molybdenum enzymes have been identified yet from P. furiosus, we hypothesized that the operon that contains the PF0080, PF0081, and PF0082 genes codes for a tungstateselective ABC transporter. An mRNA fragment carrying the PF0080 gene has previously been detected in microarray experiments (38) , indicating that the protein is expressed in vivo.
In this paper we describe the cloning, expression, and binding characteristics of this new tungstate transport protein (WtpA).
MATERIALS AND METHODS

Materials.
All chemicals used were of the highest quality available. Prepacked Strep-tag columns were used as recommended by the supplier (IBA).
Cloning of the WtpA gene. The WtpA gene (PF0080) was amplified by PCR using Pfx polymerase (Invitrogen); sense (WtpA_F_Bsa1) and antisense (WtpA_R_Bsa1) primers (Thermohybaid) 5Ј-ATGGTACGTCTCAAATGCGA GAGGG-3Ј and 5Ј-ATGGTACGTCTCAGCGCTCTTTTCAAT-3Ј, respectively; and chromosomal DNA from P. furiosus as a template. Extraction of the chromosomal DNA was performed with phenol-chloroform-isoamyl alcohol (32) . The PCR product was treated with Taq polymerase (Amersham Bioscience) for 10 min at 72°C to obtain single 3Ј-adenine overhangs for subcloning into the pCR2.1-TOPO vector (Invitrogen). This TOPO construct was transformed into competent E. coli TOP10 cells (Invitrogen), and plasmid was isolated from an overnight culture. Both primers contain a BsaI restriction site, and they were used to clone the wtpA gene into the BsaI site of the pASK-IBA2 expression vector (IBA), resulting in a WtpA fusion protein with an N-terminal OmpA E. coli signal peptide and a C-terminal Strep-tag. This construct was transformed into competent E. coli BL21-CodonPlus-(DE3)-RIL cells (Stratagene) and sequenced for confirmation.
Protein expression and purification. E. coli BL21(DE3) cells that contained the plasmid encoding the WtpA fusion protein were grown on LB medium containing 100 g/ml ampicillin. Protein synthesis was induced with 200 l of an anhydrotetracycline solution (2 mg/ml in dimethyl sulfoxide) per liter of culture, when the absorbance of the culture reached 0.5 at 600 nm. Cells were induced for 4 h at 30°C and harvested by centrifugation. The cells were washed with 100 mM Tris-HCl, pH 8.0, and were broken in the same buffer (1 g of cells per 5 ml buffer) with a cell disrupter system (Constant Systems). Cell extract was obtained by centrifugation for 20 min at 15,000 ϫ g at 4°C. As a first purification step the supernatant was heated for 30 min at 60°C. Precipitated protein was removed by centrifugation, and the remaining cell extract was applied to a 1-ml Strep-Tactin column (IBA) equilibrated with buffer W (100 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA). The column was washed with 5 ml buffer W, and the protein was eluted in 3 ml buffer W containing 2.5 mM desthiobiotin.
Gel shift assay. The gel shift assay developed by Rech et al. ITC. Prior to all isothermal titration calorimetry (ITC) experiments WtpA was extensively dialyzed against large volumes of ITC buffer (10 mM Tris-HCl, 50 mM NaCl, pH 8.0) at 4°C. Tungstate and molybdate stock solutions (1 M) were prepared in H 2 O and diluted to an 0.1 to 0.4 mM final concentration using ITC buffer. Tungstate and molybdate were titrated as ligand into the sample cell (1.42 ml) containing 7 to 15 M WtpA. Tungstate and molybdate were injected in 2-to 4-l injections to reach a final molar ratio of ligand to WtpA ranging from 2:1 to 4:1 at the end of the experiment. Blank injections of titrant into the buffer were performed to estimate the heat of injection, mixing, and dilution, which was similar to the heat release that was seen at the end of each titration after saturation was reached. At least three experiments were performed with tungstate and molybdate, and two displacement titrations with tungstate were done using molybdate-saturated WtpA (containing a 1.5-fold molar excess of molybdate). All experiments were performed at 25°C using a VP-ITC Microcalorimeter (MicroCal, Northampton, Mass.). For every injection the binding enthalpy was calculated by integration of the peak area using ORIGIN software. The heat change after each injection is related to the calorimetric enthalpy of binding (⌬H cal ) and is also dependent on the stoichiometry of the WtpA/anion complex. The association constant (K a ) and additional binding parameters (binding stoichiometry, enthalpy, and entropy) were obtained through curve fitting with ORIGIN. Baseline subtraction was performed manually by averaging the last 5 to 10 injections after reaching saturation and subtracting from the ⌬H cal .
Protein assays. Protein concentration was determined using the bicinchoninic acid assay method with bovine serum albumin as the standard. Molecular weight and degree of purity were determined with sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a Phast System (GE Healthcare) in 8 to 25% gradient sodium dodecyl sulfate-polyacrylamide gels. (Fig. 1) . Furthermore, significant homology was found with leader peptides from other periplasmic components of anion ABC transporters in archaea with the putative motif KK-X 14 -GC (GC is part of the lipobox sequence [ Fig. 1]) (1). The cysteine is always conserved in this motif. In bacteria it has been shown that this residue is lipid modified prior to cleavage by type II signal peptidases (1). These lipoproteins have not yet been identified in archaea. Some archaeal solute binding proteins have been characterized that also contain a typical lipobox motif (SGC), e.g., the maltotriose binding protein of P. furiosus (14) . However, these proteins were N-terminally blocked, and therefore the presence of the lipid moiety could not be confirmed. The leader peptides are split at the N-terminal side of the cysteine in the case of bacteria; the cleavage site in archaea is unknown. In bacteria the mature lipoprotein remains anchored in the cytoplasmic membrane after cleavage.
FIG. 1. Amino acid sequence alignment of periplasmic binding proteins: E. coli ModA, E. acidaminophilum TupA, P. furiosus WtpA, and the 11 WtpA homologues. The sequence alignment was performed with all the protein sequences that were also used to create the phylogenetic tree (Fig. 4) . The boldface residues (shaded gray) in the ModA protein are involved in the binding of the molybdate, based on the resolved crystal structures (10, 16) . The boldface residues in the WtpA protein indicate the lipobox consensus sequence, and the ones postulated to play a role in binding of the oxoanion are printed in white on gray. The residues printed in white on black in the TupA and WtpA sequences are conserved among their homologues.
For the TupA gene of E. acidaminophilum a similar leader sequence was found (17) . When the TupA protein was expressed in E. coli containing its native leader peptide, 90% of the recombinant protein was found associated with the cytoplasmic membrane of E. coli and only a small fraction of soluble protein was obtained. Therefore, the WtpA (PF0080) protein from P. furiosus was cloned without its native leader sequence into the pASK-IBA2 vector. This vector contains an N-terminal E. coli leader sequence, coding for the OmpA leader peptide that causes the protein to be exported across the cytoplasmic membrane. The WtpA gene was cloned into the pASK-IBA2 vector and expressed as a C-terminal Strep-tag fusion protein. Purification resulted in a yield of approximately 5 mg WtpA per liter of induced E. coli culture. The protein remained stable and soluble during the purification step in which the E. coli cell extract was heated for 30 min at 60°C. The heat stability of WtpA was tested more thoroughly on the purified protein; the 280-nm absorption remained constant for at least 6 h after incubation of the protein at 80°C, and there was no precipitation observed (data not shown).
Purified WtpA showed multiple bands with apparent molecular masses between 35 and 45 kDa (data not shown) on native polyacrylamide gel electrophoresis, which was also observed for the TupA protein from E. acidaminophilum (17) . These different forms of WtpA are obtained because they are processed differently by the signal peptidases of E. coli. The major band was observed around 40 kDa, which is in agreement with the gene PF0080 coding for a 37-kDa protein (without the leader sequence), suggesting that the WtpA protein occurs as a monomer in its native form.
Qualitative binding experiments. WtpA (35 M) was incubated with 50 M tungstate or molybdate, and the protein was subsequently separated from the unbound salt with size-exclusion chromatography. The presence of the oxoanions did not change the elution profile of the monomeric protein. The metal content of the protein fraction and the low-molecularweight fraction (unbound oxoanion) was determined by catalytic adsorptive stripping voltammetry (8) . It was found that molybdate and tungstate coeluted with the protein (Fig. 2) and the excess of oxoanion eluted in the low-molecular-weight fraction. The molar ratio of tungstate and/or molybdate and protein was determined to be less than 1 in all experiments. This can be explained by a loss of bound oxoanion during the time course of the experiment of approximately 30 min. Still 20% of the tungstate or molybdate was bound to the protein at the end of the chromatography run, which indicates an off rate on the order of 10 Ϫ3 per second. To qualitatively examine the preference for either tungstate or molybdate, the protein was incubated with a mixture of the two oxoanions. In all experiments both metals were detected in the protein fraction. However, the amount of bound tungstate was significantly higher, even in the presence of an excess of molybdate during the incubation (Fig. 2) . These data demonstrate that WtpA is able to bind tungstate and molybdate, with a preference for tungstate, without changing the oligomeric state of the protein.
To test the affinity for other oxoanions, a ligand-dependent protein gel shift assay was performed with reference to the migration rate of the uncomplexed protein in native polyacrylamide gels (28) . The protein was incubated with a 400-fold molar excess of sulfate, phosphate, chlorate, molybdate, and tungstate. Only the tungstate-incubated samples showed a slight but significant mobility shift compared to the nonincubated protein and to the samples incubated with the other anions (data not shown). A similar gel shift assay has been used before to estimate the dissociation constant (K D ) for tungstate to be 0.5 M for the E. acidaminophilum TupA (17) ( Table 1) . In the present case, the sensitivity of this gel shift mobility assay was not sufficient to determine dissociation constants of P. furiosus WtpA for tungstate or molybdate.
Ligand-dependent spectral changes have also been used to estimate values for the apparent K D for the binding of molybdate or tungstate to periplasmic binding proteins. In the case of the ModA protein, binding of tungstate or molybdate has been shown to cause a slight change in the spectrum in the far-UV wavelength range; also the intrinsic fluorescence spectrum of ModA changes upon molybdate binding (12, 28) . However, for P. furiosus WtpA these spectral differences were not significant enough to make a valid estimation for the K D (data not shown).
An isotopic binding method provided the most accurate K D value of 20 Ϯ 8 nM for molybdate binding of ModA (Table 1) (12) . Therefore, a similar experiment was carried out for determining the K D of P. furiosus WtpA for tungstate. However, the determined ligand-to-protein stoichiometry was much lower than unity; this indicates that this experimental setup is not reliable, as it is likely to result in a serious overestimation of the magnitude of K D . Most likely, the Dowex resin was able to strip bound tungstate from the protein.
In summary, the above-mentioned assays, which were all used in previous reports to determine the K D for periplasmic binding proteins, were not sensitive and/or accurate enough to determine the K D in the case of WtpA. However, they qualitatively confirm the ability of the WtpA protein to bind tungstate.
Isothermal titration calorimetry. ITC of WtpA showed that the protein endothermically binds tungstate and molybdate with a stoichiometry of 1 mole oxoanion per mole of protein, as deduced from the heat consumption upon addition of tungstate or molybdate to the protein solution (Fig. 3) . The obtained binding curve for molybdate was used to determine the K D value to be 11 Ϯ 5 nM. The extremely high affinity of the protein for tungstate resulted in a very steep binding curve, and this precluded an accurate fit to determine the K D value of the protein for tungstate. It was not possible to significantly decrease both the protein concentration and the amount of titrated tungstate to obtain more data points in the steep region in view of the signal-to-noise ratio. However, an upper limit for the K D of 1 nM was estimated from the data. Binding of molybdate resulted in a greater heat consumption (⌬H cal ϭ 9.9 Ϯ 0.5 kcal/mole of injectant) compared to the heat consumption upon the binding of tungstate (⌬H cal ϭ 5.3 Ϯ 0.2 kcal/mole of injectant). These numbers were calculated by taking the average heat consumption of the first data points of the curve where all the ligand was directly bound to the protein.
A displacement titration of the molybdate-saturated protein with tungstate showed a heat release which corresponds to the difference in heat release between the two oxoanions (⌬H cal ϭ Ϫ4.1 Ϯ 0.4 kcal/mole of injectant) (Fig. 3C ). This shows clearly that the protein favors the binding of tungstate, even when the binding site is occupied by a molybdate molecule. The apparent K D for tungstate when the protein is saturated with molybdate was determined to be 15 Ϯ 4 nM (Fig. 3C) . The K D value of a displacement titration in combination with the K D value for the inhibiting ligand in the absence of strong binding ligand can be used to calculate the actual K D for the strong The highest similarities with the PF0080 gene were found with hypothetical proteins from Thermococcus kodakarensis KOD1 (YP_182428) (87%), Pyrococcus abyssi GE5 (NP_125843) (87%), and Pyrococcus horikoshii OT3 (NP_142154) (90%). They are all included in operons encoding putative ABC transporters and represent the periplasmic binding protein. WtpA has only weak similarity with the ModA protein of E. coli (17.6% identity, 30% similarity) and the TupA protein of E. acidaminophilum (15.6% identity, 30.7% similarity) ( Fig. 1 and 4) , and therefore it forms a new class of tungstate and molybdate binding proteins (Fig. 4) . A BLAST search of the WtpA sequence against the nonredundant database (NCBI) resulted in the identification of 11 homologues (P Ͻ 10 Ϫ20 ) ( Fig. 1 and 4 ). These homologues of the P. furiosus WtpA protein, the five closest homologues of the E. coli ModA protein, the five closest homologues of the E. acidaminophilum TupA protein, and the A. vinelandii ModA1 and ModA2 proteins were used to make the alignment in Fig. 1 .
The crystal structures of the ModA protein of E. coli and the ModA2 protein of A. vinelandii have been solved to high resolution (10, 16) . The residues that bind molybdate through hydrogen bonds in the ModA proteins are S12, S39, A125, V152, and Y170 in E. coli ModA (Fig. 1) and T9, N10, S37, Y118, and V147 in A. vinelandii ModA2. Unfortunately, there is no crystal structure of TupA available yet, and therefore it is not known which residues play a role in the binding of tungstate in this protein. A structural homology model was made for WtpA based on the amino acid sequence and a homologue of a known structure (4). The protein 1AMF (E. coli ModA) was selected by the program from the Protein Data Bank database as parental structure to which the WtpA structure could be modeled with an e-value of 10
Ϫ139 . This indicates a significant structural similarity, and therefore we use the obtained structure to hypothesize which residues might play a role in the binding of tungstate or molybdate. Three of the five amino acids that bind molybdate in E. coli ModA have identical residues at identical positions in the modeled structure of WtpA. The S42, S75, and Y164 residues in the WtpA protein are positioned homologously to the S12, S39, and Y170 residues in ModA, respectively. Furthermore, these residues are completely conserved among all WtpA homologues, and this is an additional indication that they might play a role in the binding of the molybdate or tungstate (Fig. 1) . The ModA residues A125 and V152 that bind the molybdate through their backbone NH group show no obvious similar residues in the WtpA model. A crystal structure of the WtpA protein is required for the confirmation of these residues being involved in binding of the oxoanion. Crystallization studies with WtpA are currently in progress in our laboratory.
The sequence similarities of the other components of the novel tungstate ABC transporter, between WtpB and ModB/ TupB (53% and 50% similarity, respectively) and between WtpC and ModC/TupC (51% and 56% similarity, respectively), are much higher than the similarities between the A components. WtpB and WtpC both exhibited highest similarity with the permease and ATPase components from the putative ABC transporters in T. kodakarensis KOD1 (87% and 90%, respectively), P. abyssi GE5 (87% and 86%, respectively), and P. horikoshii OT3 (89% and 90%, respectively), whose binding protein component also exhibited the highest similarity with the periplasmic WtpA component.
(ii) WtpB (PF0081). Analysis of the WtpB sequence by using the Goldman, Engelman, and Steitz hydrophobicity scale (6) identified the presence of five transmembrane helices. This indicates that WtpB is located in the membrane. The conserved C-terminal region EAA-X 2 -G-X 9 -I-X-LP, which is generally present in permease components of ABC transporters, was identified to be VARTLG-X 9 -I/V-X-LP in the case of the WtpB proteins. This conserved sequence is thought to be the recognition site for the C component of the transporter (19) . Additional BLAST searches confirm that this new class of tungstate transporters clarifies the uptake mechanism of many organisms that express tungsten-containing enzymes or encode putative tungsten-containing enzymes on the genome. To corroborate this proposal, a group of organisms that most likely use tungstate in their metabolism was obtained by performing a BLAST search (3) of the sequence of the P. furiosus AOR against the nonredundant database (NCBI). AOR is the only enzyme known thus far that can use only tungsten and not molybdenum. This search resulted in 33 organisms that have a gene coding for a putative tungsten-containing aldehyde oxidoreductase (P Ͻ 10 Ϫ30 ) and therefore most likely require a tungstate uptake mechanism. Subsequently, BLAST searches of the sequences of E. acidaminophilum TupA, E. coli ModA, and P. furiosus WtpA were performed against these genomes (P Ͻ 10 Ϫ20 ) ( Table 2 ). The discovery of WtpA as a new class of tungstate transporters identifies the tungstate uptake system of a significant number of archaea, and some bacteria (see below), that do not express homologues of the E. acidaminophilum TupA or the E. coli ModA. Some of the archaea and bacteria have homologue genes for more than one transporter system. There are no WtpA, TupA, or ModA homologues found in eukaryotic organisms even though they do express molybdenum enzymes.
DISCUSSION
The discovery of the tungstate-specific ABC transporter from P. furiosus, WtpABC, uncovers a new class of tungstate and molybdate transporters, given the low sequence similarity between WtpA and the earlier-characterized periplasmic binding proteins ModA and TupA, which are part of the ABC transporters ModABC (28) and TupABC (17) . BLAST searches of WtpA against the nonredundant database (NCBI) indicate that WtpA is an archaeal tungstate transporter, whereas TupA (and homologue VupA) and ModA occur predominantly in bacteria. Homologues of the wtpA gene are found in the genomes of only three bacteria: Syntrophus aciditrophicus, Desulfotalea psychrophila, and Pelobacter carbinolicus. D. psychrophila encodes a tungsten-containing AOR homologue on its genome (Table  2) , but for the other two bacteria it is not known if they use a These homologues have P values higher than the threshold of 10 Ϫ20 ; however, they still exhibit significant homology with the protein in the corresponding column (between 10 Ϫ8 and 10 Ϫ16 ). b The E. acidaminophilum, T. tenax, and T. litoralis genomes have not been completely sequenced yet or are not freely accessible. However, they are known to contain W-containing AORs (20, 26, 36) . tungsten in their metabolism. They might also use the WtpABC transporter for the uptake of molybdate. The bacterium Rhodospirillum rubrum is identified by BLAST to contain a tungsten-containing AOR homologue; however, there is no putative ModA, TupA, or WtpA protein present in its genome. This might indicate that there are still other tungstate and/or molybdate uptake systems that have not been identified yet. However, with the discovery of the WtpABC transporter, together with the earlier-characterized ModABC and TupABC, the tungstate and molybdate uptake systems of most bacteria and archaea can be identified.
The discovery of the very high affinity WtpABC transporter explains the earlier observed ability of P. furiosus cells to scavenge traces of tungstate from growth medium (23) . However, it does not explain the highly selective incorporation of tungstate in the cofactor of the AOR enzymes in the presence of a 1,000-fold excess of molybdate in the growth medium (23) because the WtpABC transporter also has a high affinity for molybdate. As a consequence, this indicates the existence of an additional intracellular mechanism that determines the selective incorporation of tungstate in the pterin cofactor of these AOR enzymes.
